Glasses have numerous applications due to their exceptional transparency, however, poor fracture and impact resistance limit their applications as an engineering material. One relatively recent approach to improve the mechanical properties of materials is through bioinspiration. Structural biological composites such as nacre, the protective inner layer of mollusk shells, offer far superior mechanical properties relative to their constituents. This has motivated researchers to mimic the design principles in natural composites to create tough transparent materials. However, current bio-inspired materials lack fabrication scalability or offer poor optical transmission. Here, an efficient, scalable bulk process is developed for creating optically transparent tough composites, resulting in a nacreous glass composite material with a four-fold increase in fracture toughness and a three-fold increase in flexural strength compared to conventional structural glasses, and with a 73% of average optical transmittance. The composite consists of glass flakes and poly (methyl methacrylate) (PMMA) assembled utilizing a centrifuge-based fabrication method that aligns and compacts the flakes into layers. To optimize the transparency of the structure, the refractive indices of the PMMA and glass are matched. Based on the results, this nacreous glass composite is proposed as a potential alternative in diverse architectural, vehicular, and electronics applications.
Glasses are generally brittle with low fracture toughness and resistance against impact, limiting their mechanical applications. Glass thermal tempering is a common strategy to increase the strength of glasses, [1] however, this does not dramatically improve fracture toughness. [2] Laminating glass creates a polymeric glass sandwich-like composite structure, [3] the greatest advantage of which is safety: upon fracture, the polymeric layers prevent small pieces of the fractured glass from shattering in catastrophic failure. However, there are only modest mechanical improvements in laminated glasses. [4] [5] [6] To improve glass toughness and impact resistance, researchers have explored bioinspirationimplementing design principles observed in biology. Nacre, the tough material comprising the inner layer of mollusk shells, is a classic example of a tough structural biomaterial; nacre is 3000 times tougher than the components, [7] breaks at 1% of straina remarkable improvement relative to the individual ceramic building blocks, and its elastic modulus is approximately 1000 times larger than that of the connective proteins alone. [8] Many techniques of varying of complexity have been proposed to fabricate synthetic materials mimicking nacre. [9] [10] Some of these have focused on making transparent composites, [11] [12] [13] resulting in thin films with enhanced mechanical and optical properties. To extend the applications beyond thin films, a new scalable nacreous composite was developed by infiltrating PMMA into a glass flake scaffold while matching refractive indices of the two phases. [14] Despite superior fracture resistance properties compared to glass, this composite sacrificed transparency, a key feature for widespread applications.
In contrast, others have employed top-down methods, including laser-engraving interlocking jigsaw-shaped 3D arrays in bulk glass, [15] and glass lamination processes of thin glasses with laser-engraved cross-plied [16] and tablet-like architectures. [17] These approaches resulted in increased composite fracture toughness and impact resistance, but reduced stiffness and strengths. Stiffness and strength can be generally improved by decreasing the size of the patterns, however, this reduces transparency and scalability. [17] This highlights the general trade off challenge that bio-inspired glasses have suffered from between mechanics, transparency, and fabrication scalability. While these diverse strategies have explored bottom-up and topdown approaches resulting in excellent mechanical, optical, and fabrication results, no method has successfully combined all three together in a tough glass.
In this paper, we demonstrate a bottom-up fabrication technique to produce a transparent brick and mortar structural composite possessing advantageous mechanical properties that improve upon those of normal glasses or their bio-inspired composite counterparts, as shown in Figure   1 . Here for our composite, we use glass flakes and Poly (methyl methacrylate) (PMMA) for the hard component and soft phase, respectively. Glass flakes were utilized as the hard component due to their high diameter-to-thickness aspect ratio, transparency, large elastic modulus, and well-characterized surface chemistry for surface functionalization. PMMA, an amorphous polymer that is polymerized through a free radical bulk polymerization process, [18] was selected as the soft phase due to its high strength and stiffness, relatively large yield strain, [19] and excellent optical properties. [20] We functionalized the glass tablet surface with a silane to strengthen the bond between soft and hard phases. To make the nearly opaque nacreous composite transparent, we increased the refractive index (RI) of PMMA to that of the flakes by adding an organic dopant, phenanthrene, to our polymeric matrix. [21] We then imposed an aligned brick and mortar architecture and high volume-fraction by centrifuging the composite, and finalized PMMA polymerization by baking.
Figure 1.
Centrifuged-based fabrication method of nacreous glass composite. a) Cleaned glass flakes were dispersed in toluene. b) Glass flakes surface-treated with ɣ-MPS and then with a solution of MMA in toluene to promote polymerization from the glass surface. c) Surface-treated glass flakes were involved in free radical polymerization of PMMA at 50C. d) Glass-PMMA mixture transferred to a casting mold with a pre-designed cavity on the bottom e) Glass-PMMA mixture was centrifuged to impose alignment in flakes and densify the mixture. f) Polymerization process finalized in oven: 12 hours at 50C, 4 hours at 70C and 2 hours at 100C.
We found the optimum dopant concentration to be 12%, yielding an average spectral transmittance of 76% for a 1 mm glass composites ( It also has 24% higher transmittance than similar bio-inspired laminated composites, [17] and has almost 100% higher transmittance than nacre mimetic bulk-fabricated composites. [14] While our composite is hazier than the soda-lime glass with the same thickness(Figure 2-c and 1S-c), it is more than 70% less hazy than similar bio-inspired bulk fabricated composites. [14] Figure 2. Dopant percentage and composite thickness affect composite transparency and haziness. a) Transmittance values for 1mm thick samples and different phenanthrene weight percentages. b) Transmittance for the 12% glass composite, doped PMMA (12%), soda-lime glass, bio-inspired transparent composite, [14] and laser-engraved laminated glass. [17] Our composite compares well with soda-lime monolithic glass and is superior to its bio-inspired counterparts. c) Haze factor values for 1mm thick composites and different dopant weight percentages. d) 1mm thick glass composites with 12% dopant (top), and 0% dopant (bottom).
As glass and PMMA have different densities, we used centrifugation to increase the fraction of glass in our composite, leading to a high volume fraction of the stiff (glass) phase and consequently a thin connective (PMMA) phase (Figure 3-a) . Centrifugation also yielded a structure with more aligned flake orientation ( Using the 3-point bending test, we found that surface functionalization with γ-MPS increased the final strength for the glass composite two-fold (Figure 2S-a) . This increase in strength, however, produced a composite only slightly stronger than pure PMMA ( Table 1S ). The final strength was increased to about 140 MPa by including the centrifuging process as a part of fabrication process; this aligned the glass flakes into layers of parallel planes and also yielded a denser overall structure. The beneficial strengthening effects of centrifugation appeared to plateau at 2000g, with no significant increase in flexural strength for higher forces (Figure 4 The laser-engraved laminated glass [16] possesses a very high WOF, however, this has been achieved only with a reduction in strength. [22] tempered, [2] laminated, [3] bio-inspired transparent composite, [14] and our composite glass (2000g). The composite demonstrated here outperforms other state of the art glasses in both fracture toughness and final strength. g) WOF versus final strength for normal annealed, [23] laminated, [3] and laser-engraved laminated [16] glasses, as well as the pure PMMA and our composite glass(2000g). The only glass that exceeds our composite in terms of WOF is [16] , but it possesses far less strength compared to our composite. Data points and error bars demonstrate the mean value and the standard deviation respectively.
Here we demonstrate a novel nacreous composite structure with previously unattained optical and mechanical properties that could be a potential alternative to monolithic and laminated glasses. We combined glass flakes and PMMA as the hard and soft components of our composite respectively and used phenanthrene as a dopant to increase the PMMA's refractive index and match it to the glass flake's, resulting in a remarkably strong yet optically transparent material. Furthermore, to recreate the highly aligned hard tablet phase found in nacre, we centrifuged the glass-PMMA mixture, dramatically decreasing the inter-tablet spacing and increasing the glass volume fraction, thus creating a dense multilayered stack of aligned tablets bound together by thin PMMA films. This structural compaction and alignment significantly increased the flexural strength and fracture toughness of the composites, as it imposes order on the structure and paves the road for activation of toughening mechanisms such as tablet pull-out, crack deflection and tablet sliding. In the absence of mineral bridges and tablet interlocking, tablet sliding is likely the most important mechanism responsible for high fracture toughness in our composite. Large deformations in polymeric phase in forms of stretching and tearing cause yielding, and consequently, plastic deformation in the PMMA (non-linear part in figure 2S -a). This leads to large deformations and high levels of energy absorption, as well as potential polymeric bridges between tablets that consequently resist their sliding and increase the fracture toughness. Indeed, tablet sliding is key to the exceptionally high WOF in [16] and appears to be absent in [14] ; this is likely the reason why our current composite outperforms the material in [14] in terms of fracture toughness. Our glass composite also outperforms annealed, thermally tempered, and laminated glasses in fracture toughness and final strength. Finally, our composite shows an excellent level of transparency, with only 16% less than the one for the monolithic glass (for 1mm of thickness).
We hope that the composite described here may find applications in scalable performance transparent composites. Moreover, the strategies for fabrication presented here allow researchers to tune the final composite mechanical and optical properties, as well as apply them to other hard phase tablets.
Experimental Section
Glass surface functionalization: Glass flakes were cleaned in the Piranha solution, washed in DI water, dried in a vacuum oven, and then functionalized in a solution of toluene and the silane agent (ɣ-MPS) for 12 hours. The surface-treated glasses were washed afterward and again dried in a vacuum oven. To promote PMMA polymerization from the glass surface, thin PMMA monolayers were grown on the glass surface by involving the flakes in a free radical polymerization process, in the presence of excess toluene.
Glass composite fabrication:
To match the refractive indices of the glass and PMMA, we dissolved phenanthrene in MMA. The phenanthrene-doped MMA, the initiator, and the glass flakes were mechanically stirred at 50oC until a more viscous mixture was obtained. The mixture then was cooled immediately and transferred to a 3D-printed polypropylene casting mold. To make a dense structure with well-aligned flakes, we centrifuged the glass-PMMA compound in a two-step process: a low-speed centrifugation step to induce alignment in the flakes, and a final high-speed centrifugation step to densify the structure. The casting mold was sealed, and the composite was baked in the oven.
Estimation of glass volume fraction, polymer layer thickness and orientation distribution:
We calculated the glass volume fraction by Archimedes' principle, assuming that the composite only consists of the hard and soft phases. The volume of the composite samples measured using a pycnometer (VWR, 25 ml, Gay-Lussac type), and by knowing the densities of the glass flakes and the PMMA, we estimated the glass volume fraction in our composite.
The polymer layer thickness was measured by extracting data from several line scans on the SEM images of the composite cross-sections in ImageJ software.
The orientation distribution was measured and plotted by analyzing the SEM images of the composite cross-section using a MATLAB code based on the [24] . 
Supporting Information

Materials
Glass flakes (GF001-10, d50 (median particle) diameter =27-32 m, thickness =0.9-1.3 m, 
Glass surface treatment
Glass flakes were cleaned in Piranha solution (3 parts of concentrated sulfuric acid, 1 part of water and 1 part of 30 wt.% hydrogen peroxide solution) for 30 minutes, and subsequently washed in DI water several times and dried in a vacuum oven at 120C overnight. Cleaned and dried flakes (2 g) were mixed with a solution of toluene (15 ml) and the surface functionalization agent (5 ml), ɣ-MPS, (3:1 volume ratio) and gently stirred with a magnetic stirrer for 12 hours. The silane functional groups will react with hydroxyl groups on the glass surface. The surface-treated glasses were washed with toluene, methanol, and then washed with DI water several times and dried in a vacuum oven at 110C for 2 hours. ɣ-MPS functionalized glass flakes were then involved in a free radical polymerization process to grow PMMA monolayer on their surface. This was performed in a two-step process: first, the glass flakes were added to a mixture of dry toluene and MMA (2:1 volume ratio) under gentle mechanical stirring at 70C for 30 minutes with AIBN (1 wt.%) as initiator. This is to promote growing PMMA from the glass surface and decelerate the polymerization in bulk MMA. After this step, we dried the flakes in a vacuum oven at 110C for 2 hours prior to usage in the main composite fabrication process, which follows in the next section.
Fabrication process
To adjust the refractive indices of the glass and PMMA, we dissolved an aromatic hydrocarbon, phenanthrene, in MMA as a dopant. Phenanthrene and AIBN (0.5 wt.%) were dissolved in MMA and added to the surface-treated glass flakes. The mixture was mechanically stirred at low speed for 45 minutes at 50oC under argon atmosphere and immediately cooled down in an ice-water bath afterward. The glass-polymer mixture then transferred to a 3D-printed polypropylene casting mold containing a cavity with desired shape and depth. The cavity's depth will be the glass composite's final thickness. To make a dense structure with well-aligned flakes, we centrifuged the glass-MMA compound. The centrifuging process involved two lowspeed steps (100g RCF for 5 minutes and 300g RCF for 5 minutes) to induce alignment in the flakes. Then we performed the last step in high speed (more than 1000g RCF for 20 minutes)
to make a denser structure. The top of the cavity was covered by a glass coverslip, and a gentle pressure applied from a small mechanical grip sealed the centrifuged glass-PMMA composite in the cavity. We finalized the polymerization process by exposing the composite to heat in the oven (50oC for 12 hours, 70oC for 4 hours, and 100oC for 2 hour).
Composite centrifugation
We tested various centrifugation speeds and measured the orientation distribution of the flakes and the resulting volume fractions. Centrifuging appeared to have a significant effect on the orientation of the glass flakes ( Figure 3-b 
Index matching the composite components
We realized that by combining two materials with excellent optical properties, we might create a composite which had similar transparency. Such a material would have clear advantages in diverse applications. However, initially preparing these materials, we found they were nearly opaque with a white appearance due to the strong scattering of light at the multiple interfaces between glass and PMMA. We matched the refractive indices of the two phases using phenanthrene as a dopant to improve the transparency. To find the percentage of dopant that optically optimized the overall composite transparency, we first measured the refractive index of PMMA-dopant samples as a function of dopant weight percentage (Figure 1S-a) . We estimated that between 12 to 16 % of dopant along with 0.5 % AIBN as polymerization initiator would match the RI of PMMA to the one of our glass flakes (1.524). Knowing the refractive indices as a function of PMMA formulation and dopant, we can estimate the composition that leads to the highest level of transparency. To reach the optimum dopant percentage, composites with 1mm of thickness, 43% volume fraction, and various phenanthrene amounts were made.
We measured the transmittance of the composites as a function of composition by a UV-vis spectrophotometer (Figure 2-a) . The optimal dopant percentage was determined to be 12%, yielding an average transmittance of 76% for our 1 mm glass composites ( Figure 1S-b) . Our glass composite's transmittance compares well with both soda-lime monolithic glass and PMMA doped with 12% of phenanthrene for wavelengths higher than 400nm (Figure 2-b) .
However, the transmittance values declined dramatically for the wavelengths smaller than 400nm, again resembling the behavior of 12% phenanthrene-PMMA. The average transmittance for our composite is only 16% less than the soda-lime glass ( Figure 1S-c) . Despite the high transmittance values for the glass composite, this material also tends to diffuse light resulting in a hazy appearance (Figure 2-c) . The material appeared to have the lowest haziness for the optimal amount of dopant ( Figure 1S-d) . Although even 5% of dopant yielded a reasonably high average transmittance, the sample possessed an unsatisfactorily high haze factor of about 90% for almost the whole visible light spectrum. The haze factor for the composite with 12% of dopant, however, is not constant for the whole visible light spectrum and increases from about 10% for wavelengths greater than 500 nm to about 90% at the low end of the visible spectrum. Although a high level of transparency is a feature in common between index-matched composites ( Figure 1S-e ), the average transmittance drops 25% as the thickness increases from 1mm to 3mm. The haze factor value also increased as a function of increasing the thickness as it appears in the haze factor curves ( Figure 1S-f ), and as shown in laser-engraved laminated glass. [2] Although the transmittance of our glass composite is similar to the soda-lime glass, its haze factor is higher by a factor of 20. Our glass composite, however, is superior to its bio-inspired rivals both in transmittance and haze factor. d) Haze factor values for 1mm thick composites and different dopant weight percentages. 12 wt% of dopant yields the lowest haze factor value. e) Increasing the glass composite thickness decreases the average transmittance. A decline of 25% is observed in average transmittance as the thickness increased from 1mm to 3mm (inset). f) Composite thickness increase affects the haze factor negatively. The haze factor increases from 28% to 52% for 1mm and 3mm thicknesses respectively(inset). g) Glass composites with 12% dopant and 1mm of thickness. h) Glass composites with 12% dopant and 3mm of thickness. It looks hazier than the one with 1mm of thickness. Data point and error bars demonstrate the mean value and the standard deviation respectively.
Performance of the composite under mechanical loading
A significant increase of final strength observed for the glass composite surface-functionalized with γ-MPS, compared to the one without any surface treatment (Figure 2S-a (Table 1s ). Increasing the centrifuging speed densifies the composite structure and increases the volume fraction of the hard phase, which consequently leads to a higher flexural modulus. But similar to the final strength values, 2000g seems to be the saturation point and increasing the speed does not impose any significant effect on the flexural modulus values. The effect of increasing the centrifuging speed, however, appeared to be insignificant for the rupture strain, and all the samples possessed a rupture strain of about 3%. Figure 2S . a) Fracture stress-strain curves for the composites with and without surfacefunctionalized glass. Surface-treated composite experiences two deformation regimes, a linear regime followed by a non-linear one up to the failure, whereas the composite with no glass functionalization deforms linearly to the fracture. b) Effect of centrifugation on rupture strain of the composite. Centrifuging increases the rupture strain about 20% when centrifuged with 500g, but the effect seems to saturate after that. c) Fracture stress-flexural strain curves for pure PMMA, non-centrifuged and centrifuged composites, illustrating an increased fracture strength with composite formulation and subsequent centrifugation. 
Fracture mechanics calculations
To compare the maximum load the notched samples can bear, we defined fracture stress, f, as a function of the applied load and the un-notched ligament of the sample:
The crack initiation fracture toughness, KIC, was calculated from the load-displacement curves and based on the maximum force value and initial crack size from the following equation:
where Pc and ac are maximum amount of load and initial crack size, respectively, and S, W and B are support span, specimen width and thickness, respectively. Also, ( ) = 3√ (1.99− (1− )(2.15−3.93( )+2.7( ) 2 )) 2(1+2 )(1− ) 3 2 .
The work of fracture (WOF) was calculated as a nonlinear measure of fracture toughness.
WOF is defined as the total energy spent to create one unit of fracture surface area [3] and calculated as follow
Where U is the area under the load-displacement curve in SENB test, and W and a are the width and initial crack length of the SENB sample respectively.
